The functional role of oncogenes in human lung carcinogenesis has been investigated by transfer of activated oncogenes into normal cells or an immortalized bronchial epithelial cell line, BEAS-2B. Transfection of v-Ha-ras, Ki-ras, or the combination of myc and raf into BEAS-2B cells produced tumorigenic cell lines, while transfection of rafor myc alone produced nontumorigenic cell lines. In addition to studying the pathogenic role of oncogenes, we are attempting to define negative growth-regulating genes that have tumor-suppressive effects for human lung carcinomas. Our strategy to identify tumor-suppressor genes involves loss of heterozygosity studies, monochromosome-cell fusion, and cell-cell fusion studies. Loss of heterozygosity studies have revealed consistent allelic DNA sequence deletions on chromosome 17p in squamous cell carcinomas, while large cell carcinomas and adenocarcinomas retained this locus. Mutations in p53, a tumor-suppressor gene located on chromosome 17p, have been observed. Cell-cell hybrid clones produced from fusion of nontumorigenic BEAS-2B cells with tumorigenic HuT292DM cells generally are nontumorigenic. The mechanistic role of the known tumor-suppressor genes Rb-i and p53 in the development of human lung carcinomas is being investigated in this epithelial cell model of human bronchogenic carcinogenesis.
Introduction
Carcinogenesis has long been thought to be due to an accumulation of genetic and epigenetic changes that cause abnormal regulation of molecular control of cell growth. The genetic changes can be the activation of proto-oncogenes and/or the inactivation of tumor-suppressor genes that can initiate tumorigenesis as well as enhance its progression. For example, Ki-ras activation in colorectal carcinoma is considered an early event (1) , and gene amplification of N-myc has been associated with progression of human neuroblastoma (2) . To date, only two tumor-suppressor genes have been well characterized. The retinoblastoma gene, Rb-i, has been found to be inactivated by mutation including deletions in retinoblastomas and other human tumors (3) (4) (5) . The other tumor-suppressor gene recently identified is p53, which is mutated in colorectal, breast, brain, and lung carcinomas and may be involved in tumor progression (6, 7) .
Oncogenes
Our strategy for investigating the role of oncogenes in the neoplastic transformation of normal human bronchial epithelial cells is shown in Table 1 . Seven families of activated proto-oncogenes, ras, raf, jun, erb-B2 (neu), fur, myb, and myc, have been associated with human lung cancer. The functional role of these oncogenes in lung carcinogenesis is being studied in vitro by introducing these genes, singly or in combination, into normal human bronchial epithelial cells (NHBE) and SV40 T-antigen "immortalized" bronchial epithelial cells. Since the NHBE cells are the presumed progenitor cells for bronchogenic carcinoma, we have optimized their growth in culture by creating a chemically defined medium (8) . This medium is free of serum and transforming growth factor-1,3 (TGF-Pl), which will induce terminal squamous differentiation in these cells (9) . To study the functional involvement of Ha-ras in human lung carcinoma, we have transfected v-Ha-ras into NHBE cells (10) . The transfected cells sustained progressive genotypic and phenotypic changes that in-eluded decreased responsiveness to induction of terminal squamous differentiation, increased responsiveness to serum mitogens, increased life span, increased chromosomal aberrations and, rarely, immortality and tumorigenicity in athymic nude mice (Table 2) . Therefore, neoplastic transformation of NHBE cells by Haras is a rare event. Both the occurrence of frequent chromosomal aberrations and the lengthy cell crisis period of these transfected cells suggest that one or more unidentified events, in addition to the introduction of Ha-ras, may be involved in the development of the neoplastic phenotype.
Normal human cells in culture are relatively resistant to neoplastic transformation events (11) . Several studies have indicated that immortalization is a rate-limiting step in the multistage process of in vitro human cell carcinogenesis (12) (13) (14) . In order to develop an immortalized cell system for studies of carcinogenesis, we have infected NHBE cells with the SV40 large T antigen gene (15) . Unlike the NHBE cells, these SV40 T-antigencontaining cells, e.g., the BEAS-2B cell line, became immortalized. An attractive feature of these cells for use in carcinogenesis assays is the fact that they are nontumorigenic in early passage. In addition, these cells are aneuploid and undergo squamous differentiation in response to serum or TGF-P1 (9) . This is illustrated in Figure 1 .
Many human lung adenocarcinomas have been shown to contain activated ras genes, which are thought to be involved in both early and late stages of carcinogenesis (1, (16) (17) (18) (19) (20) . The activated ras gene is most frequently Ki- (14) .
Immortalized BEAS-2B cells were able to reconstitute a mucous-producing columnar epithelium in de-epithelialized rat tracheas that were transplanted subcutaneously into athymic nude mice (22) . BZR cells were tumorigenic in this model system, and the tumor derived cell lines, e.g., BZRT33 and BZRT35 cells, that have increased ploidy and increased expression of the v-Ha-ras p21 protein, were more malignant than the BZR cells. This increasing malignancy in the tumorderived cell lines correlated with increased type IV collagenase enzyme activity and mRNA expression (22) .
The presence of an activated c-Ki-ras gene in human lung carcinomas has been well documented (20, (23) (24) (25) (26) (27) . We have investigated the role of Ki-ras in the multistep neoplastic transformation of human bronchial epithelial cells. The v-Ki-ras oncogene used for these transfections contained mutations at codons 12 and 59. The mutation at codon 12 has also been observed in the lung carcinoma cell line A549 (28) . Transfer of this oncogene into BEAS-2B by either infection or transfection resulted in neoplastic transformation (29) . Tumors induced by the transfection of v-Ki-ras had adenocarcinomatous elements (29) . This is an interesting observation since the Ki-ras oncogene is most frequently found to be activated in human lung cancers, and most of these are adenocarcinomas.
Abnormalities in the raf, myc, and ras proto-oncogene families have been associated with both human small cell (30) (31) (32) (33) (34) (35) and nonsmall cell lung carcinomas (20, (36) (37) (38) . We have assayed the functional role of craf-1 and c-myc proto-oncogenes in lung carcinogenesis by introducing these genes, both alone and in combination, into human bronchial epithelial BEAS-2B cells (39) . Two retroviral recombinants, p-Zip-raf and p-Zipmyc, containing the complete coding sequences of the human c-raf-1 and the murine c-myc genes, respectively, were constructed and transfected into BEAS-2B cells. BEAS-2B cells transfected with Zip-raf or Zipmyc alone were nontumorigenic after 12 months, but BEAS-2B cells transfected with Zip-raf and Zip-myc together formed large cell carcinomas in athymic nude mice in 4 to 21 weeks (39) . Carcinomas induced by the combination of c-raf-1 and c-myc were of human epithelial origin and exhibited specific surface antigens and several neuroendocrine markers. An increase in the mRNA levels of neuron-specific enolase was detected in BEAS-2B cells containing c-raf-1 and c-myc genes, suggesting an association between transformation and the expression of several neuroendocrine markers (Pfeifer et al., unpublished results).
Tumor Suppression
The primary indication for the existence of the dominantly acting tumor-suppressor genes originates from epidemiological studies (3) . Further evidence comes from the analysis of genetic loci exhibiting DNA restriction-fragment-length polymorphisms (RFLP) showing reduction in homozygosity of chromosome 13 in retinoblastoma and osteosarcoma (5, 40, 41) and on chromosome 11 in Wilms' tumor (42, 43) and bladder carcinoma (44) . These latter studies have been corroborated by genetic studies using the technique of somatic cell hybridization (45, 46) . Our strategy to identify tumor-suppressor genes involved in human lung cancer involves several approaches, which are illustrated in Table 3 .
Loss of Heterozygosity
Since the location of the tumor-suppressor genes is unknown and since these genes may have different functions, a well-defined and comprehensive approach is required. An initial approach is allelic DNA sequence deletion analysis that identifies the chromosomal regions that may harbor the tumor-suppressor genes. The loss (47, 48) and also in tumors associated with Beckwith-Wiedemann syndrome (52) . Many RFLP studies of human lung cancer have focused on small cell carcinoma (53, 54) . A small number of nonsmall cell carcinomas have been studied by DNA sequence deletion analysis (53) (54) (55) . Recently, we have concluded an extensive analysis of nonsmall cell lung carcinoma for allelic DNA sequence losses on six different chromosomes at 13 different genetic loci. This study was conducted on tumors of varied histological types including squamous cell carcinoma, adenocarcinoma of the lung, and large cell carcinoma of the lung. This analysis allowed the comparison of the allelic DNA sequence losses in different histological classes of tumors (56) . Interestingly, in squamous cell carcinoma, consistent LOH was found at 17pi3 using the D17S1 probe, while consistent LOH at this locus in adenocarcinomas and large cell carcinomas was not detected. Frequent LOH at this locus has also been associated with colorectal (57-59) and small cell carcinoma of the lung (53, 55, 60, 61) .
LOH on chromosome 3 has been reported in small cell carcinomas (53) (54) (55) (60) (61) (62) . It has been speculated that this region contains a putative tumor-suppressor gene for small cell carcinomas of the lung (53) . Our study of LOH for markers on chromosome 3 in approximately 60% of the tumors showed agreement with other reports that use DNA-RFLP to examine genetic loci on chromosome 3 in nonsmall cell lung carcinoma. However, LOH is substantially less than 100%, which is not in agreement with one report (62) in the literature.
We have studied chromosome 11 extensively for loss of alleles because it has been speculated to have at least one if not more tumor-suppressor genes. Six different loci on this chromosome have been studied. LOH wasobserved in 45% of the squamous cell carcinomas and adenocarcinomas studied (56) . LOH was most frequently observed at the HBG2, insulin, and c-Ha-ras loci in both types of cancers. From these data, it was possible to establish two commonly deleted regions in lung cancer for this chromosome, namely, llpter-p15.5 and 11p13-11q13 (Fig. 2) . These findings are consistent with observations that describe two separate regions on chromosome 11 that may harbor tumor-suppressor genes that correspond to llpl3 in Wilms' tumor and llpter-11p15.5 in rhabdomyosarcoma (42, 63 (68) .
Most recently, Nagle and co-workers have introduced a normal human chromosome 6 into two human malignant melanoma cell lines (70) . In addition to reversion of the transformed in vitro phenotype and decreased soft-agar cloning efficiency, tumorigenicity ofthe hybrid cells was initially suppressed. Interestingly, all animals later developed tumors. However, cytogenetic and RFLP analysis of the tumors revealed a loss of the introduced chromosome 6 from the melanoma cell hybrids (70) .
Guided by our own LOH studies of human lung tumors and lung tumor cell lines, we are currently introducing human chromosomes 3, 11, 13, and 17 into lung cancer cell lines which are known to have sustained deletions of allelic sequences in these chromosomal regions. In addition, we are also sequentially introducing several normal chromosomes into cells that have shown multiple LOH from several different chromosomes. By taking this approach, we expect to determine if loss of one or more tumor-suppressor genes from different chromosomes may be acting in cooperation for the development of human lung carcinoma.
Cell-Cell Hybrids
Tumor suppression was first demonstrated by Harris and co-workers, who produced murine cell hybrids between cells of high and low tumorigenic potential (71) . The tumorigenicity of these hybrids was transiently suppressed, but as the hybrid clones were propagated in culture, tumorigenic segregants rapidly developed. As chromosomes in the hybrid cells were lost, the tumorigenicity of the hybrids increased to that of the parent cell of high tumorigenic potential- (72) .
Genetic analysis of somatic cell hybrids between tumorigenic and normal human cells has shown that sup- (76) . Tumor incidence in the parental line HuT292DM was 100% with a mean latency of 27 days, 50% in B39TL with a mean latency of 148 days, and 0% in BEAS-2B after approximately 1 year. Hybrids of BEAS-2B and HuT292DM cells yielded total suppression of tumorigenicity in 76% of the mice injected, while the immortalized, weakly tumorigenic B39TL as a parent yielded only 54% suppression of tumorigenicity of HuT292DM. Tumorigenicity of the B39TL x HuT292DM cell hybrids is comparable to the tumorigenicity of the parent B39TL at 50% (7/14). In addition, latency of tumor development in BEAS-2B x HuT292DM cell hybrids was extended 2-to 3-fold over that ofthe parent HuT292DM. These data are presented in Table 4 .
Cell lines were isolated from tumors arising from the BEAS-2B x HuT292DM cell hybrids and the B39TL x HuT292DM hybrids. Upon reinjection of these lines into athymic nude mice, tumors were produced with latency periods comparable to the parent HuT292DM cells. These data suggest that reversion to tumor-forming ability may occur due to loss of a chromosome(s) that harbors a tumor-suppressor gene(s).
Karyotype analysis of parental lines, cell-cell hybrids, and hybrid-derived tumor cell lines was performed, and the results are shown in 'Pooled data from six hybrid lines each injected into five mice.
gMean tumor latency in the remaining 46% of the hybrids that produced tumors. (41) . In the familial form, a germ-line mutation predisposes the individual to retinoblastoma, and a second mutation is acquired somatically, leading to tumor development (41 Several studies have shown that nuclear viral oncogene products from adenovirus ElA (88, 89) , SV40 Tantigen (87,90) (as discussed above), and HPV16 E7 (91, 92) bind to the Rb-1 protein. The importance of these interactions has not been conclusively demonstrated thus far. However, mutations in the Rb-1 binding regions of the viral protein ElA (89) and SV40 Tantigen (90) prevent the association of viral oncogene and Rb-i gene products. This has been hypothesized to prevent entry of the virus-infected cells into S-phase of the cell cycle, thus preventing viral DNA replication. When viral DNA replication is prevented, the oncogenic effects of the virus are not expressed, and Rb-i acts as a suppressor of cellular transformation.
Several different abnormalities have been observed in the Rb-i gene and its product in retinoblastoma, osteosarcoma, small cell lung carcinomas (SCLC), breast and bladder carcinomas. These abnormalities include point mutations altering splicing patterns of mRNA, small deletions or duplications, truncations of the protein, and abnormal levels of the Rb-i transcript. In 50% of human retinoblastoma tumors, point mutations which either alter the splicing pattern or generate small deletions or duplications in the gene were observed (93, 94) . Inactivation of the Rb-i gene may be involved in the development of lung cancers as well, especially in the case of SCLC. In 60% of SCLC studied, no detectable Rb-1 transcript was observed, while 10% of the non-SCLC had abnormal or absent Rb-i transcripts (34, 95) . All SCLC examined for Rb-1 protein were found to be negative (95) . One of four pulmonary carcinoids examined had Rb-i structural abnormalities, while three expressed no Rb-i mRNA (34 One recent demonstration of tumor suppression by Rb-i was shown by introducing the Rb-i gene into a tumorigenic cell line which lacks the gene and then examining changes in growth and tumorigenic potential. have shown that introduction of the cDNA from Rb-i into a retinoblastoma cell line that lacks the Rb-1 protein as well as an osteogenic sarcoma line expressing a truncated Rb-1 protein greatly inhibited growth in culture and the ability to grow in an anchorage-independent manner. Furthermore, the tumorigenic potential of the retinoblastoma and osteogenic sarcoma cell lines was lost in the cells which now contained the Rb-i gene (82) . However, introduction of the same Rb-i gene construct into the human prostate cell line DU145, which has a 35 amino acid in-frame deletion, did not significantly alter its genetic growth rate in culture (96) . Unlike the retinoblastoma and osteosarcoma cell lines containing Rb-1, the tumorigenicity was not lost, but the tumor sizes were greatly reduced in the mice injected with the prostate cell line containing the Rb-i gene (96) .
p53
Phosphoprotein p53 is a nuclear protein that is present in high amounts in transformed human (97) and mouse cells (98) . Although no specific function has been assigned to this protein, antibody injections into dividing cells have implicated p53 in cell cycle regulation (99) . Initial studies in rat embryo fibroblasts have shown that p53 can cooperate with ras in neoplastic transformation (100) . Recently, it has been shown that the p53 gene used in this and other studies was mutated, and not the wild type gene (101) . In fact, it has been recently demonstrated that wild-type p53 does not cooperate with ras, but suppresses focus formation when co-transfected with ras in this assay (102, 103) .
One of the best-characterized features of p53 is its ability to form complexes with other proteins. p53 was first identified in a complex with SV40 T-antigen (98, 104) . Since that time, it has been found associated with adenovirus Elb in transformed rodent cells (105) and HPV16 E6 (P. Howley, personal communication). In addition, p53 complexes with itself to form homooligomeric struetures (106) .
In situ hybridization analysis has assigned the p53 gene to the short arm of human chromosome 17, banding region 13 (107 (6) . This finding has sparked speculation that progression of these tumors occurs through a dominant, negative effect mediated by the presence of mutant p53 or complete loss of wild-type p53 (6, 102, 108) . A dominant negative effect may occur when pseudohomodimers of wild-type and mutated p53 are formed which functionally inactivate the wild type p53 (109).
To further explore the possible dominant negative effect of mutant p53, Bernstein et al. (110) have generated independent lines of transgenic mice carrying genomic clones of a mutant p53 gene. These mice expressed high levels of mutant p53 in a wide variety of tissues and have a greatly elevated predisposition to malignancies, particularly osteosarcomas, lung adenocarcinomas, and lymphomas (110) . Both alleles of the p53 gene used to develop the transgenic mice have sustained mutation in the coding region. The elevated tumor incidence in mice could be due to a dominant negative effect of functionally inactive transgenic protein inhibiting normal endogenous wild-type p53 protein.
Previous studies in rodent systems have shown that mutant p53 binds to cellular heat shock protein 70 (hsp70) (109) . Immunoprecipitation using hsp antisera or p53 antibodies has clearly demonstrated this complex formation, which results from conformational changes in the p53 due to mutation. The association of p53 with hsp70 in a human system has recently been demonstrated (111) . Cell lysates of a human osteosarcoma cell line, HOS-SL, were immunoprecipitated with antihsp70 and anti-p53 antibodies, and co-immunoprecipitation of p53 and hsp70 was observed. Subsequent cloning and sequencing of the p53 gene has revealed a mutation in codon 156 of the p53 gene (112) . We are currently using co-immunoprecipitation with hsp70 as a rapid method of screening cell lines for mutations in the p53 gene.
In the last year, there have been several reports regarding p53 mutations detected in human tumors and cell lines (6, 7, 113) . A wide range of abnormalities of the p53 gene, its RNA, and protein products have been reported in human lung cancer cell lines. A panel of human SCLC and non-SCLC cell lines have been examined as well as samples from normal lung obtained at the time of surgical resection. Of the 30 lung cell lines examined, one had a DNA rearrangement, 4 had abnormally sized p53 mRNA, 4 had decreased levels of p53 mRNA, 2 had only trace amounts of p53 mRNA, and 10 had point mutations (113) .
Using the LOH studies on chromosome 17 as background, 21 tumors of various histological types (colorectal, lung, breast, and brain) have been analyzed for mutations in the p53 gene (7) . Fifteen of the tumors contained a single missense mutation, two contained two missense mutations, one tumor had a frame-shift mutation, and in three tumors, no p53 mutations were detected. The mutations identified in this study were clustered in four regions, hot spots of the p53 gene. These regions, exons 5, 6, and 7, are the most highly conserved among species (114) . Although more data are needed, these initial results suggest that these regions ofthe p53 gene may be especially important in mediation of the normal function of the p53 gene product. Normal cells from tissue surrounding these tumors were also analyzed for p53 mutations, and none were found.
Wild-type p53 as a putative tumor-suppressor gene has many properties in common with Rb-i, the only other known tumor-suppressor gene. A comparison of the characteristics and activities of the Rb-i and p53 gene products is shown in Table 6 . Both these genes encode nuclear phosphoproteins that bind DNA and have a possible regulatory function in the cell cycle. Most notably, both of these proteins form complexes with oncoproteins of DNA tumor viruses. The binding regions of these oncoproteins to Rb-i and p53 are shown in Figure 4 . As was discussed earlier in the case of Rb-1, these nuclear oncoproteins participate in transformation through at least one common mechanism, namely, binding to and thereby inactivating Rb-i and/ or p53. Since p53 is believed to be involved in transition of cells from G1 to the S-phase of the cell cycle, by binding to the p53 protein, SV40 T-antigen would inactivate this function of p53 in the cell cycle, promote the replication of viral DNA and cause transformation.
We are examining the status of p53 in primary lung tumors compared to surrounding normal tissue and in lung carcinoma cell lines. Several different approaches are being taken. In the first approach, we are sequencing exons 5, 6, and 7 using intron primers to amplify the DNA. The polymerase chain reaction product is sequenced and examined for mutations.
The second approach takes advantage of the association of mutated p53 and heat shock proteins (115) . Using antibodies against both p53 and heat shock proteins, immunoprecipitations of the various cell lines are performed, and the presence of mutated p53 is detected by the co-immunoprecipitation of the p53-hsp complex. As lung cancer cell lines which contain a mutated p53 are identified, they are then transfected with a variety of plasmids containing wild-type p53 either constitutively or inducibly expressed. In addition, NHBE and T-antigen-immortalized BEAS-2B cells are also transfected with wild-type and mutated p53 in constitutive or inducible expression vectors. The tumorigenicity of these transfected cells, as well as growth characteristics, will be determined. These experiments are designed to provide data that may give us some insight into the biological effects of mutated and wild-type p53 in lung cells.
